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Compact inertial sensing schemes using trapped- and guided-atom interferometers have been un- 
able to achieve high precision because of uncontrohed phase errors caused by trapping potentials 
and interactions. Here, we demonstrate an atom-shot-noise limited acoustic interferometer that 
uses sound waves in a toroidal Bose-Einstein condensate to measure rotations. Our system oper- 
ates at 10^ — 10^ times higher density and in a volume 10^ times smaller than free-falling atom 
interferometers . 
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Conventional atom interferometers measure accelera- 
tion [1] and rotation [IHi] by interfering dilute atomic 
wavepackets that traverse distinct paths in free fall [5 . 
The impressive sensitivity obtained by these devices 
scales with the area enclosed by the arms of the inter- 
ferometer, leading to larger interferometers that average 
measurements on centimeter length scales [6 . Extending 
the capability of atom interferometers to probe shorter 
length scales could address fundamental questions, such 
as how gravity operates at short range; tackle practical 
problems, such as non-invasive material characterization; 
and aid in the development of miniaturized atomic sen- 
sors [7]. Trapped- or guided-atom interferometers may 
allow sensitive, localized inertial measurements by allow- 
ing interferometer arms to enclose the same area multiple 
times, gaining precision while remaining compact. How- 
ever, for an atom interferometer to reach high signal- 
to- noise and probe short length scales, it is critical to 
develop an interferometric scheme compatible with high 
densities and realistic trapping potentials. 

Trapped quantum degenerate gases offer a bright 
source for atom interferometry in small volumes, reach- 
ing densities of 10^^ cm~^ that are at least four orders of 
magnitude higher than those utilized in free-falling-atom 
devices [6^. However, the price of high density is uncon- 
trolled phase shifts and damped atomic motion, as seen 
in previous work that interfered single-atom states, such 
as momentum states in free fall |81 (9| or coherent states 
in a double- well potential [101111]. Also, in spite of high 
densities, the number flux of ultracold atoms through a 
trapped-atom interferometer is typically far lower than 
that achieved in unguided-atom setups, making it highly 
desirable that the readout noise of such interferometers 
reach, or even surpass p!2HT5] , the atom-shot-noise limit. 

Here, we demonstrate a proof-of-principle rotation 
sensor by interfering collective excitations of a dense, 
trapped sample. This approach produces a signal nomi- 
nally insensitive to density and whose systematic biases 



are suppressed by atom-atom interactions. Specifically, 
we measure rotation using acoustic standing waves in a 
toroid-shaped atomic superfiuid, in a manner similar to 
that used in the hemispherical resonator gyroscope [16^ . 
The rotation sensitivity achieved in this work is modest, 
but our results demonstrate several key advantages of 
collective-excitation interferometry. As collective modes 
of an interacting Bose-Einstein condensate (BEC), sound 
waves can propagate over long distances. Interactions in 
a superfiuid can enhance the lifetime of the sound mode 
even in the presence of disorder [17] and suppress sys- 
tematic biases that arise from weak disorder in the po- 
tential. In addition, time reversal symmetry guarantees 
that linear forces, atom number variations, interaction 
energy shifts, and trap inhomogeneities cannot distin- 
guish counter-propagating acoustic modes; these effects 
primarily introduce common-mode phase shifts that do 
not deteriorate the signal. Further, the irrotational na- 
ture of the superfiuid provides a non-rotating frame for 
the propagating sound waves, against which the slow ro- 
tation of an observer can be measured absolutely. Finally, 
our sensor is compact, with a linear dimension of 60 fim 
and volume of 5 x 10~^ cm^. Extending this work to 
circular waveguides of millimeter dimensions [18] could 
improve sensitivity at the expense of compactness. 

Low-order collective modes have been used in the past 
to measure Casimir-Polder forces [19 and to measure 
the circulation induced by a vortex in a BEC [2QH22] . 
We extend this work by using higher-order standing- wave 
acoustic modes to increase sensitivity, overcome technical 
noise limitations, and reach atom-shot-noise-limited de- 
tection of rotations at atomic densities 10^ times higher, 
and within a volume 10^ times smaller, than in free-space 
atom interferometers [23\ l24| . 

In our experiment, we prepare a degenerate, spin- 
polarized gas of ^^Rb in a far-detuned optical dipole trap, 
following a procedure similar to that of Ref. |25| We then 
transfer the atoms into an overlain toroidal optical po- 
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FIG. 1. Three laser ring trap viewed from the side (a) and top 

(b) . A standing acoustic wave oscillates at its eigenfrequency 

(c) with fast density oscillation at the antinode (Re[Am], blue 
arrow and curve) and no amplitude at the node (Im[Am], red 
arrow and curve). As the orientation of the mode rotates, the 
envelope (gray) of the imaginary component linearly increases 
in proportion to the rotation rate and mode number. Density 
shifts should not alter this envelope, which constitutes the 
rotation signal. 



tential formed by the intersection of three light beams 
(Fig. [TJa), (b)). An attractive light sheet, with an opti- 
cal power of 3 mW, a wavelength of A = 836 nm, and an 
elliptical focus with radii of 10.5 jam and 400 /im, 
confines atoms to a horizontal plane. An annular poten- 
tial, created by coaxial attractive (400 /iW, A=830 nm, 
radius of 26 /im) and repulsive (3 mW, A=532 nm, 
radius of 11 /im) light beams that propagate ver- 
tically, provides in-plane confinement. To maximize the 
stability of the optical system, we deliver the coaxial ver- 
tical beams via the same large-mode-area fiber. We ad- 
just the alignment and beam radii at the trap location 
using a telescope with adjustable axial and lateral chro- 
matic shifts. The optical potential minimum lies in a 
circle of radius 16 /im, about which the atoms experi- 
ence radial and vertical trap frequencies of {ujz^^r) = 
27T X (260, 86) Hz. Evaporative cooling from the optical 
potential yields samples with 4 x 10^ condensed atoms 
and no discernible thermal fraction, Thomas-Fermi radii 
of 6 jam and 1.5 jam in the radial and vertical directions, 
respectively, and a chemical potential of /a = h x 700 Hz. 
Similar optical ring traps have been demonstrated previ- 
ously, albeit with different optical setups [26H28] . 

The excitations of a cylindrically symmetric medium 
may be characterized by the integer azimuthal quantum 
number m, as well as the transverse (radial and axial) 
quantum numbers. We excite a specific superposition of 
the ±m lowest-transverse-order sound modes by apply- 
ing an additional optical potential to the trapped BEG 
that establishes an initial density modulation with high 
spatial overlap with the selected mode. To create this 
potential, we illuminate a chrome optical mask of an m- 
fold propeller pattern (Fig. [2|e), icons) with a 400 /iW, 
A=532 nm laser. The masked light is then imaged onto 



the plane of the trapped atoms, using a 1:10 imaging 
system with a resolution of 3 /im, creating a repulsive 
optical potential. After evaporative cooling to the final 
atom number and temperature, the light is suddenly ex- 
tinguished and the perturbed condensate evolves freely 
for a variable hold time t, at which point it is destruc- 
tively imaged. 

We measure the in situ condensate density with a high 
signal-to-noise absorption imaging protocol. We first 
reduce the optical density of the gas by exciting only 
10%— 25% of the atoms to the \F=2) ground hyperfine 
state with a short (20 /is), weak (2% of saturation inten- 
sity) light pulse detuned by about 5 linewidths from the 
|F=1) \F'=2) D2 transition. Detuning the light from 
resonance ensures that the sample is uniformly excited 
because it is optically thin. We then apply a resonant 
probe pulse to the cycling transition for 50 /is at satura- 
tion intensity [29] and image the unscattered light onto 
a GGD camera. We found this approach to give greater 
sensitivity than dispersive imaging. 

The acoustic excitations reveal themselves as oscillat- 
ing standing waves of the condensate density. From the 
measured column density distribution n(x, 7/), we extract 
the azimuthal spatial Fourier coefficient 

^ r ^ dx dyh ' 

up to a cutoff radius Vc = 40 /im, where the atomic den- 
sity is zero [30 . Am is a complex number whose phase 
indicates the angular position of the standing wave and 
whose amplitude indicates the strength of the density 
modulation. Fig. [3]^ a) shows the evolution of As{t) for 
condensates prepared with the m=3 mask at various ini- 
tial orientations, with one datum obtained per experi- 
mental cycle. 

The excitation and read-out schemes are highly selec- 
tive. The m-fold propeller produces strong excitation 
of the m-node standing wave, along with a weak resid- 
ual excitation of the (m ± l)-node standing waves due 
to slight misalignment of the center of the mask to the 
center of the trap (Figjsj^b)). The spatial mode pattern 
5h{x^ y) of the standing- wave excitation can be measured 
by fitting the pixel-by-pixel temporal record n(x, t) to 
no (^5 ^) + (5n(x, y) e^^ cosa;(t — to), where F, cj, and to are 
fixed from a fit to Am (Fig. [2|a-d)). 

The observed standing-wave mode frequencies agree 
well with their predicted values and demonstrate the ex- 
pected linear phonon dispersion relation. The acoustic 
eigenfrequencies of a tubular medium of circumference 
L, an approximation for the toroid, are / = mCeff/L, 
where Ceff is the effective speed of sound in the chan- 
nel. The linear scaling is seen for the m=2 through m=6 
modes, with Ceff = 1.29(2) mm/s for L = 27r x 16 jam in 
Fig. [2|e). The m=7 mode is perturbed by the first ex- 
cited radial mode, as expected when the acoustic wave- 




Mode 

FIG. 2. Spatial profiles of the m=2 (a) through 5 (d) eigen- 
modes are calculated from each pixel's temporal record. Each 
profile shows a field of view of 90 x 90 /im^ . Color scale is the 
amplitude in number of atoms, (e) Eigenfrequencies show the 
expected linear trend for modes m=2— 6, shown as the diago- 
nal gray line. A large negative shift of mode m=7 is expected 
from coupling to the first radial mode. The inset shows the 
Q factor for each mode. 



length approaches the radial extent of the gas. In partic- 
ular, the mode frequency is reduced as the mode-pattern 
becomes concentrated at the outer edge of the ring, in- 
creasing L and lowering Ceff. 

Surprisingly, the measured lifetimes of the sound waves 
are short compared to previous experiments (inset of 
Fig.|2|e)), most likely due to collisions with a small, non- 
condensed fraction [311 [32] . We note that a toroidal po- 
tential has a larger noncondensed fraction than a three- 
dimensional harmonic trap at the same reduced temper- 
ature (T/Tc, where Tc is the transition temperature). 

To sense rotations, we look for precession in the orien- 
tation of the standing acoustic mode. In a smooth ring, 
the standing wave orientation remains fixed in the iner- 
tial frame and precesses in the rotating lab frame, like 
a Foucault pendulum [33], as the clockwise (— m) and 
counterclockwise (+m) propagating modes appear to be 
split in frequency by the rotation. 

In contrast, static trap distortions couple the ±m 
modes, introducing a frequency splitting between the 
sine- and cosine-like m-node density modulations mea- 
sured by Am- For instance, in a ring of radius r, a 
static potential perturbation with azimuthal dependence 
V{e) = Re[£^ Kne^^^] yields (to first order in Kn) a fre- 
quency splitting between the two m-node standing acous- 
tic modes of \Sm\ oc (| V2m|/^)(^/A), where ^ ex n~^l^ 
is the healing length [34 , n is the atomic density, and 
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FIG. 3. (a) Real (left) and imaginary (right) components of 
As oscillate in time. In each row, relative amplitudes cor- 
respond, with 27r/3 periodicity, to the angular orientation of 
the excitation mask (schematic, far right). Data are offset for 
clarity, (b) Relative response of Ayn as a function of mode 
number for each propeller. The applied mode always has the 
strongest response, but neighboring modes are weakly excited 
by a slight misalignment of the mask. Each column is scaled 
to its peak response, (c) Frequency splitting \5m\ of mode 
m versus the trap distortion V2m/h = 2A2m,ol^/h. The gray 
line is the expected mean- field result bmj^ — V2m^/3.8r for 
distortions in our anharmonic waveguide. 



A is the acoustic wavelength. The effects of such dis- 
tortions are thus suppressed by the high density of the 
atomic medium; for our system, the suppression factor is 
^/A^50 (Fig. He)). 

Moreover, the influences of rotation and of trap dis- 
tortions on the itm acoustic modes are distinct, akin to 
the separate effects of circular and linear birefringence, 
respectively, on the polarization of light. To quantify 
each influence, we excite each mode m=2 through 6 at 
a large number of angles (a small selection is shown in 
Fig. |3|a)), and fit the data at each m to a three- mode 
(unperturbed superfluid and its ±m acoustic excitations) 
model of the temporal evolution. From this fit, we ob- 
tain the frequency difference and principal axes (i.e. the 
magnitude and phase of bm) selected by the static trap 
distortion (Fig. [Ij top) . The measured frequency differ- 
ences are limited by statistical fluctuations and consistent 
with the small distortion of the trapped gas measured 
from static images. 
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FIG. 4. (a) The frequency splitting is determined by fitting, 
on average, 500 images and 18 orientations of the optical mask 
per mode to a three-mode dynamical model. Error bars are 
determined from a jackknifing procedure that excludes a sin- 
gle orientation from the dataset. The units here, in radians 
per second per mode number, can be compared directly to the 
measured rotation rate, (b) Rotation estimates are binned in 
1 rad/s intervals. Each value is the result of a fit to the ro- 
tation rate for ^30 points taken at each orientation of the 
optical mask, (c) The standard error a of the rotation es- 
timates (closed circles) and noise in each component of Am 
(open squares) are close to the atom-shot-noise limit (Jasn 
for modes m=4— 6. Modes ?n=2 and 3 show an excess of 
noise, most likely from technical fluctuations in the toroidal 
potential. 



To extract a rotation rate, we fit the data at each 
mask orientation (~30 points, corresponding to a row 
in Fig. |3|a)) to a prediction of the sound wave evolution 
in a rotating frame, plotted as a histogram in Fig. ^h). 
The only free parameters are the rotation rate and the 
amplitude of the initial excitation. Mechanical properties 
of the system such as the frequency, frequency splitting, 
and phase are fixed from fits to the rest of the data set. 

The measured rotation noise of several rad/s matches 
well with the expected atom-shot-noise limit (Fig.|4j bot- 
tom). In imaging the distribution of N uncorrelated 
atoms, atom-shot-noise yields an uncertainty A Am = 
(2A^)~^/^ in extracting either the real or imaginary com- 
ponent of Am in a single run. The measured rota- 
tion rate then acquires an uncertainty of AI^asn = 
aV / {mp^/NNj.)^ where T is the decay rate of the stand- 
ing wave, p is the fractional density modulation excited 
in operating the interferometer, and Nr is the number of 



independent experimental realizations. The prefactor a 
depends on how measurements are distributed in time; 
here, a = 3.2 for evolution times sampled uniformly be- 
tween and 2/r. For measurements using the higher- 
order sound modes, the reduced technical noise in our 
images at higher spatial frequencies allows us to achieve 
the atomic shot-noise limit (Fig. |4jc)). Unfortunately, 
because the quality factor of acoustic standing-wave os- 
cillations is found to be roughly independent of the mode 
number, the use of higher order modes does not improve 
sensitivity in our apparatus beyond overcoming technical 
noise. 

The measurement noise of a free-space atom interfer- 
ometer can be written in a form similar to AI^asn above: 
Al^free = / {Ait{L / \)^/N) ^ where L is the distance be- 
tween interaction regions, A is the wavelength of the op- 
tical or material grating used as an atomic beam splitter, 
and T is the atomic travel time between beam splitters. 
Written this way, our acoustic interferometer acts as a 
device that measures how far a feature of azimuthal size 
\/L ~ 1/m rotates over a time 1/T ~ F. 

For a trapped atom sample to reach sensitivities com- 
petitive to free- space interferometers, short wavelengths 
(higher m), large atom numbers, and long propagation 
times are required. In our current setup, both atom num- 
ber and m are limited by the small size of our ring. How- 
ever, rings have been demonstrated with ^ 10^ greater 
enclosed area [18] . In future work we hope to understand 
and minimize the damping of the acoustic modes. 

Collective excitation interferometry circumvents many 
common problems associated with trapped-atom interfer- 
ometry, and allows for the operation of robust, low-bias 
inertial sensors with densities 10^ — 10^ times greater 
than traditional free-falling interferometers in a volume 
10^ times smaller. Even at current levels of sensitivity, 
collective mode gyroscopy can serve as a direct probe of 
the rotation of the ground state [35]. For example, we 
are sensitive to rotation rates corresponding to a single 
trapped vortex with Vty = h/mr'^ = 3 rad s~^, which is 
the rotation scale of simple spin-orbit effects in dressed- 
atom systems |36j . 
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